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ABSTRACT

This mathematical model is designed to provide predicted dynamic per-

formance data of shorebased rotary-hydraulic-type aircraft arresting gears,

A Navy Model E-28 arresting gear is used for specific comparison between
predicted results of the computer solution and actual test results, The
zwralstion of an arrestment of a vehidlie under a particular set of condi-
tiona Ls accomplished by putting information (data) into the computer,

The input data specifies values for the installation geometry and mechan-
izal properties of the arresting system and the test vehicle, Predicted
dyramic valves of forces and motions of the test vehicle, purchase system,
aprd tfpe reel are printed out versus time at a predetermined incremental
time,

Tris report is a phase report on tte development of the model and
zortairs the early analytical design approaches, the most current analyt-
103l nipooach with the computer program, and instructions for execution
of the zomputer program,
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I INTRODUCTION

A, The E-28 Mathematical Model was designed and is being developed
by the Computer Division, Engineering Department, NATF, to simulate the
performance characteristics of the E-28 arresting gear and any similar
shorebased rotary-hydraulic arresting gear, such as the BAK-13 or 44B-2D,

B, The ultimate objectives of the design are:

1. To perform parameter predictions which aid in arresting-gear
component design, equipment modification, and the determination of gear
performance changes due to various proposed and/or actual installation
configurations,

2. To reduce the test time of a calibration test program by
generating performance data which could act as "fill in" data once the
upper and lower limits of the engaging-speed and vehicle gross-weight
spectrums have been established through actual arrestments, provided
good agreement exists,

C. This report has been prepared to document the model in its cur-
rent state of development and to discuss the additional capability neces-
sary to achieve the above objectives (paragraphs Bl and B2),

- v nn
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II DESCRIPTION OF THE E-28 ROTARY-HYDRAULIC.TYPE ARRESTING GEAR

A, Purpogse: The Navy E-28 arresting gear is a shorebased emergency
arresting gear designed to arrest all U.S. Navy arresting-hook-equipped
airplanes under conditions of aborted takeoff or landing overrun,

B, . Capabilities: An airplane engaging the arresting gear will be
stopped within a runout distance of approximately 1,000 feet. The maxi-
mum energy absorbing capacity of the gear is 76 million foot-pounds
(noménal). Engagements can be made from either runway direction and at
points up to 40 feet on either side of the runway centerline.

ot

C. General Description of the Arresting-Gear Operation: As shown

in Figure 1, two identical energy absorber units and runway-edge sheaves
are lorated on opposite sides of the runway and are connected, through
hylon purchase tapes, to a steel wire-rope deck pendant. Arrestment of

a landing aircraft is accomplished by engagement of the aircraft arrest-
ing hook with a pendant stretched across the runway. The attached pur-
chase tapes are pulled off the six-foot-diameter drum on each arresting
gear. Each drum is splined to a shaft which turns a vaned rotor between
vaned stators in a housing filled with a water/glycol mixture, The tur-
bulent fluid resistance caused by the stator and rotor interaction (water
brake) decreases the rotational speed of the drums, thereby slowing down
the purchase-tape payout which in turn applies a braking force on the
aircraft, The ensuing fluid turbulence converts the landing aircraft's
kinetic energy into heat. A cooling system is provided to dissipate this
heat during rapid-cycle operations, After the aircraft has been safely
brought to a stop, and the arresting hook disengaged, the pendart and nylon
tapes are returned to battery position by an air-cooled gasoline engine
driven retraction system,

g e ik A
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IIT BACKGROUND OF MODEL DEVELOPMENT

A, General: The development of the model from the initial working
model to the current model has mainly involved modifications of the pen-
dant/tape geometric configuration that occurs during an arrestment and is
used as the basis for parameter generation,

B, Design Progress to Date

1. Initial Design: The initial E-28 mathematical model produced
dynamics of the gear directly from the motion of the arresting aircraft,
The geometry of the pendant/tape pattern was assumed to be triangular in
shape. The pendant/tape was assumed to be in a straight line proceeding
from the arresting hook to the runway-edge :sheaves throughout the entire
arrestment, The early results of model runs indicated that a more sophis-
ticated approach was necessary,

2, Interim Design

a. The kink wave is a triangle-shaped deformation of the run-
way perdant that is generated from the impact of the arresting hook and
represents the motion of stress propagation in the pendant/tape setup.

b, The idea of designing kink-wave phenomenon into the math
model originated after studying reports written by F.O. Ringleb (refer-
ences (a) and (b)) concerning cable dynamics., The addition of kink-wave
motion td the program design was necessary to more accurately predict
E-28 arresting-gear performance, especially arresting-hook-load and tape-
tension values, for the initial part of an arrestment. The introduction
of kink-wzve geometry into the model forced the dynamics of the arresting
syatem to be generated with respect to the motion of the kink wave. The
variovs mecthods that were devised to simulste actual kink-wave paths
which hold for the entire simulation of an arrestment are:

(1) arresting-hook-point-to-sheave motion

u (2) argesting-hook-point-to-sheave/sheave-to-arresting-
hook~point motion

(3) arresting-hook-point-to-sheave/sheave-to-arresting-
kook-point/arresting-hook-point-to-sheave motion

3. Moct Recent Design: The best rssults that have been obtzinad
o date are from the current modsl, This approach sszsumes that the kink
~3ve rtravels from arresting-hook point to sheave repeatedly. That iz, whten
tre progeam determines that the kink wave has reached the runway-edge sheave
and 1~ resay vo "bounce back" towsrd the hecok, program logic forces a new
k.ok w272 to emsnate from the hook and progress toward the sheave. Although
not 1n zgreement with the cls:*ical kink-wave motior deszribad by Ringleb in
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reference (a), this method has prgven to give the most accurate predic-
tion results to date. The results of this method are compared to the

results of earlier design approaches in the form of a composite plot of
arresting-hook load versus time in Figure 2.
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IV ACTUAL ARRESTMENT DESCRIPTION

A, The purpose of the arresting system is to dissipate the engaging
kinetic energy of an aircraft. This is accomplished by transmitting the
vehicle's energy through the purchase tapes into the tape-reel absorber
units where the energy is converted into heat by the action of fluid tur-
bulence. DPuring the course of an arrestment there are, therefore, three
main types of motion caused by the action and reaction of the system
components:

L. Tape-reel and rotor motion
2. Pendant/tape (kink-wave) motion
3. Vehicle motion

The force interaction between these threc types of motion is the principal
basis for the mathematical model simulation of an arrestment.

B, The following is an account of how each type of motion changes
as the arrestment proceeds:

1. Before Lmpact

a., Arresting Gear - motionless
b. Pendant/Tape - motionless

¢, Vehicle - approaching pendant at a predetermined speed
and weight

2. At _Impact

a. Arresting Gear - motionless

b, Pendant/Tape - set in motion by action of kink-wave
generated upon impact

¢. Vehicle - speed at impact is the engaging speed for the
arrestmenk

3. After Tmpact (period of arrestment): The initial braking
force on the vehicle is slight and is imposed by tensions due to purchase-
tape elouration. Once the tape reels are in motion, however, the main
retarding, {Iraking) force is due to the hydraulic brake connected to the
tape reel, A& typical arrestment, therefore, will be described in two
sections: the firet called the dynamic region where there is only slight
retardation of the vehicle due to kink-wave motion causing purchase-tape
elopgation; and the second called the hydraulic region, where the main
coetardiog, tevees on the vehicle are encountered.
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PIETE Y

a. Dynamic Region

(1) Arresting Gear - tape reéls start to rotate due to
tensiocn instilled by kink waves, Fluid pressure in absorber is still
not affected,

(2) Pendant/Tape - kink wave is reflected off of runway-
edge sheaves and travels back and forth repeatedly from arresting-hook
point to sheave, causing the kink-wave "humps" in the recorded tape-
tension values,

(3) Vehicle - speed starting to feel effacts of tension
pull of tapes,

b, Hydraulic Region

(1) Arresting Gear - tape reels are increasing speed
rapidly because they are feeling directly the pull of the vehicle's
weight, Fluid pressure in dbsorber unit increases steadily,

(2) Pendant/Tape - kink waves have more or less damped
out slthough effects on tape tensior are still noticeable, Tape tensions
sre due slmost entirely to the retarding force the taps resl fluid has
on the vehicle via the purchase tape,

4, Epd of Arvestment: When all of the vehicle's kinetic energy
hee been tranaformed into heat in the absorber units through the action
of fluii tcrbulence, the vehicle comes to a stop and the arrestment i3
compiete. Rael accsleration, arresting-hook load, absorber pressure,
and tape tensions reached their maximum values in tha hydraulic region
of the sarreztment and then decressed to their initisl pre-impact valuesl,

briis is generally true although sometimes the meximum valves of
azresting-took losd and tape tensions can reach their pesks in the dynamic
region for certain srreatment runwey configurations, Also, due to tape
ztrefoh chere may be a load in the system when the venisle is stopped
sansvnting for zmzll arresting-haok-load and tspe-tension values,

1
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V SIMULATED ARRESTMENT DESCRIPTION

A, General: The computer program developed is a finite incremental
analysis of arresting-gear dynamics. The simulation of a test event
(aircraft arrestment) is accomplished by relating mathematically the
interreactions between vehicle, kink-wave, and tape-reel motions. Param-
eter computation sections of kink-wave velocity, tape tecnsion and elon-
gation, tape-reel acceleration, etc., which have been developed in
separate studies are applied collectively, while conforming to the pre-
determined shape or pattern of kink-wave design, to obtain performance
results,

B, Calculation Section Logic

1. The calculation section logic counsists of equation segments
which compute specific physical properties of the arrestment such as
forces, torques, motions, and distances. Each segment was developed
independently and then combined to provide for the calculation of the
key motion generation parameters--vehicle and reel accelerations.

2. The logic that begins the calculation loop and generates
simulated motion contains equations which are actually simple integration
techniques. Values of accelerations (tape reel and vehicle) are provided
from the previous pass through the calculation loop. The integration
technique is applied which results in values of velocity and speed (tape
reel and vehicle), and the procedure is repeated to obtain values for
tape-reel revolution and vehicle runout. The basic loop logic is
diagrammed below:

< VEHICLE ACCEL
. VEHIGLE____ VEHICLE
START]  ACCEL RUNOUT
OF TAPE ON__ TAPT ___ TAPE __ ARRESTING
CALC DECK ~  ELONG TINSION  HOOK LOAD
JLOOP | TAPE-REEL REEL
ACCEL "ROTATTION

—t- REEL ACCEL
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3. An explanation illustrating how vehicle speed is obtainéd
from vehicle acceleration follows:

letting V, = vehicle speed at end of time increment (VELNS2),
Vy = vehicle speed at start of time increment (VELNST),

&y = vehicle acceleration at end of previous time increment,
(VACC2),

Al = vehicle acceleration at start of previous time increment
(VACC),

T = time,

and At = Arn
7

Instantaneous speed can be approximated by a value of average speed or
Voa= V) + 8 (A +4,).

This expression represents an integrated process which utilizes the

average of two accelerations, A; and Ay, within a specified time incre-

ment, AT, to obtain an average speed difference, AV = At (A} + Aj).

4, Ideally, the most dccurate simulation can be obtained when
AT approaches zero, then AV = d¥, This program assumes that sufficient
accuracy is obtained by letting the time increment At = ,001 second,

5. Passing tiirough the calculation loop is then a matter of
jumping from one logic segment to the next, The calculation loop con-
tains seven main logic segments which compute values for:

a, Reel and vehicle motion

b, Pendant or tape kink-wave velocity

¢. Kink-wave coordinates

d. Pendant/tape tensions and elongations
e, Tape-reel inertia and acceleration

f, Arresting-hook load

g. Vehicle acceleration

i
b
;
H
i
t
¢
¢
i
i
'
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A detailed description of how each of these segments is designed can be
found in Section VI,

F
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VI PROGRAM DESCRIPTION

A, General: The program description formit parallels that of the
program listing (Appendix A). The description is divided according to ,
the principal sections of program legic. Variable titles used here are ‘
identical to those in the program. A complete list of variable names :
and definitions is presented in Appendix B,

B, - Computer Information

1. The program is self-contained and therefore, does not refer -
to external sources for information, The prograin language is FORTRAN IV,
and the program has been run primarily on the CDC 6600 computer, however,
it can also be run on an IBM 360/65 computer, The following is run -
information for an average run on the CDC 6600¢

Compilation time - 6 seconds
Run time - 16 to 20 seconds (with .001 second
calculation time)

Memory locations used - 10,000 words (60 bits per:word)

Output line limit - 2,500 lines

2, Data is written on temparary disc storage to minimize running
time, Normally, a run is made on priority 6 status which costs 33 cents
per system second, If turnaround time is not a critical factor, the cost
may be reduced by running on priority O at 20 cents per system second.

C. Program Sections

1. Input Section

a. This section contains a dimension statement which defines
the linear array, DATUM(32), which is used for program output generation
and storage, Every parameter value of output data is allocated a space
in this array during calculations. Data values can be recorded on tape
or disc storage each time the calculation loop is completed or values can
be recorded at a chosen time interval. Presently the recording time
interval used is ,01 second.

b, The variable JGEOR is initialized to zero. JGEOR is a
sequential run indicator and controls the number of program runs performed.
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¢, Read and format statements of input data complete this
section and are rated to distinguish arresting-gear configuration

data from event information data, The various input values that are

read into the program are listed in Figure 3, which is a sample print-
out of all input values,

2, lInitialization Section

a. Initial values, that is values of variables that are
required for the first pass of the main calculation loop, generally fall
into three main catagories:

(1) Deck feometry

(2) Mechancial properties of arresting gear (reel, tape,
pendant)

(3) Vehicle and arresting-hook properties

b, The following initialization operations are performed on
variables in these categories: J

(1) Assignment to the Calculation Variable Names the -

Value of Zero

(a) All variable .names that before pendant impact
have the value of zero--such as tape elongation, kink-wave coordinates
(angles and distances), arresting-gear motipn variables, deck-geometry
values, arresting-hook: load, tape tensions, etc.--are set equal to zero.

(b) Other variables set aqual to zero are TIME, the
symmetry flag IFLGSM, the output printer line counter ICOUNT, and the
linear array DATUM(32),

(2) Conversion of Units of Input Variables: To simplify
the preparation of input values, their units are those of standard, com-
monly used values. However, to ease calculations thromgh conformity of
units, some input values must be converted to units which agree with
other variable units, For example, vehicle engaging speed VELENG is
normally referred to in knots and is therefore, input this way. For
calculations, however, speed in FI/SEC would be more suitable and there-
fore the conversion is performed.

11
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(3) Calculdtion of Intermediate Input: Parameter vari-
ables that are not part of ifaput but have definite values aside from zero

and must be introduced into the main calculation loop, are calculated H
from input data or companion values, An example is the initial vehicle :
acceleration VACC, which is computes from the vehicle mass, VMASS, and 5
forces of thrust VTHRUS, arresting-hook- load VHOOK, and drag VIDRAG, f

3. Calculation Section

a. The purpose of this section is to compute prime parameter
values as functions of time for output. The parameters that are currently
being computed are listed in the output section, page 16,. To compute
prime parameter values, many interreluated equations describing

(1) Vehicle distances and motion,

(2) Tape and pendant properties and geometry, and,

(3) Tape-reel rotation and motion
are drawn upon to develop changes of the 'key'" motion generation param-
eters, vehicle and reel acceleratipgns, with time. These motion genera-
tion parameters are the basis of the calculation loop.

b, Time Generation: The impact of the arresting.hook with

the pendant is simulated when the calculation loop 18 entered for the

first time. For each pass through the calculation loop, TIME (errest-
ment time) is increased by one time calculation increment,

c. Port and Starboard Calculations: Port and starboard
parameter values can be calculated separately if the arrestment is OFF-
CENTER, If the symmetry flag indicates an ON-CENTER arrestment, calcula-
tions are performed for port parameters only and set equal to svarboard
values for each pass through the loop. (See Appendix C, Program Flow
Chart, for more details,)

d., Main Loop Calculations

(1) The main calculation loop is separated into five -
sections:
(a) Program stop logic,
(b) Port parameter caleculations,

(c) Setting of port parameter values to starboard
parameter values for a symmetrical arrestment,

(d) Starkoard parameter calculations, and

(e) Final 'calculations,

12
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The port and starboard calculations contain the same equations, differing
only by the variable name endings, P for port and 8 for starboard. There-
fore, only the port parameter calculations will be described. Variable
names that depict parameter values at the end of a time increment end in
the number 2,

(2) Program Stop Logic: Two separate tests are performed
upon entrance into the main calculation loop to determine if the program
has simulated an arrestment completely and to indicate a halt to program
calculations:

(a) Port or starboard two-block: The instantaneous
radius of outer wrap of the purchase tape on the reel ROWP is compared to
the reel~hub radius RHUB to establish if the tape supply on the reel has
been depleted,

- (b) Vehicle Speed: The instantaneous vehicle speed
VEINST .is checked to see if it has reached a value of zero which would
indicate the end of an arrestment,

(3) Port Parameter Calculations

(a) Motion calculations: In. this section, motion of
the vehicle &nd tape reels is simulated, Speed and velocity (vehicle -
VELNS2, reel - RSPP2) are obtained by avergging acceleration values of
the beginning (vehicle - VACC, reel - RACP) and end (vehicle - VACC2,
reel - RACP2) of the last time increment, multiplying by the time incre-
ments, and then by adding this value to the speed/velocity values at the
end of the previous increment.(vehicle - VELNST, reel - RSPP). Followipg
this same integration logic, vehicle runout VRUNO2:and reel revolutions
RPOP2 are obtained from speed/velocity values, The radius of outer wrap
of reel tape ROWP is calculated from the amount of tape that has left
the reel, The amount of tape on a reel at any time RLTP is determined
by the differences of the total length of tape in system TOLENP and the
amount on deck TLENP from the last calculation increment. A new value
for tape on deck TLENP2 to account for the motion of vehicle and reéls
is then computed., See Figure 4 for description of variable names of the
runway configuration.

(b) Kink-wave location: The location of the kink-
wave in the tape-pendant configuration is established., The velocity of
the kink wave ie a function of the media in which it is traveling. It
12 necessary, therefore, to determine for each calculation if the kink-
wave is traveling through the nylon tape or steel pendant so that the
proper dynamic equstions describing its motion can be employed, This
test is accomplished by checking the three-dimensional distance HYPOTP
wkict: Ls the distance from hook to kink against the length of the pendant
on the port eide of hook engagement through the use of an IF statemenct.

13
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(c) Kink-wave velocity: The kink-wave velocity for
either the pendant or tape is calculated., This velocity is computed in
terms of modulus of elasticity (pendant - PENMOD, tape - ETAPEP), longi-
tudinal wave veloctty (pendant - CPEND, tape - CTAFEP), and the trans-
verse impact formula approximation (pendant - PENSIG, tape - TASIGR),

(d) Kink-wave three-dimensional coordinate location:
The instantaneous location of the kink wave 18 described by a three-dimen-
sional coordinate system which pinpoints its position by means of angles
and linear distances from a fixed reference, See Figure 5 for an illus-
trated descriptioniof this coordinate system, Also, the instantaneous
arresting-hook elevation HKELEV, the distamce of the kink to the tail
hook HYPOTP, and the distance of the. 'kink to the runway-edge sheave
RESULP, are computed, See Figure 6 for an i{llustrated description.

(e) Pendant and tape elongation, tension: Total
elongation of the tape/pendant configuration, DELP, is computed by sub-
tracting the length of the tape/pendant on the runway of the previous
time increment, TLENP2 and PLENP, from the new length of the tape/pendant
on the runway just established from the three-dimensional distances,
HYPOTP and RESULP, and SPLITP, See Figures 4 and 6. The tape elongation
factor, TELFP, which is the percent tape elongation and is required for
substitution into the tape modulus of elasticity equation and the tape
tension equation (see pages E-3 and E-4, Appendix E under procedure), is
computed by subtracting the pendant elongation PHLP from the total elonga-
tion DELP, and dividing by the product of the length of tape on the run-
way TLENP2 and 1060, Tape tension, DIENP, is computed and its values used
to calculste a new value of pendant elongation PELP2, which is a function
of pendant length PLENP, pendant modulus of elasticity PENMOD, pendant
cross-sectional area PENX, and tape tension,

(f) Tape-reel @cceleration; arresting-hook load:
Tape-reel acceieration RACP2, is determined by the relationship between
the torques acting on the reel and rotor and the polar moment of inertia
of the reel and rotor. (See Appendix F for detailed description of
equation derivation,) Arresting-hook load, HOOKP, is established by
resolving tape tension into vector components in the direction of hook
engagement., (See Figure 7, page 31 for diagram,)

(g) Test to determine if kink wave has reached the
chesve: At the end of the port parameter calculation section, a test is
verformed to determine whether the kink wave has reached the runway-edge
sheave, Thisz test is accomplished by comparing XWAVEP, which is the dis-
tenne from the centerline of engagement to the kink wave, to DHAP, which

i #he distence from the centerline of engagement to the runway-edge sheave.

Wren the “est indicates that these values are equal, the kirk wave has
voached the :hesve and the three-dimensional coordinates and angles at
vr i Eie mu-© be recorded in order to establish a new path for the next
Kirk weve to follow. If the kink wave has reached the cheave, values of
CAMAXP, TAYAYE, GAMAZP, XWAVEP, YWAVEP, ZWAVEP, and HYPOIP are computed,

14
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(4) Arresting Symmetry Check: If the symmetry flag IFLGSM
indicates an ON-CENTER arrestment and a completely symmetrical .system
installation (IFLGSM = 0), port parameter values are set equal to star-
board parameter vaiyes. This procedure minimizes computational time under
computer control when the arrestment is symme®tical, If the arrestment
is not symmetrical (IFLGSM = 1), the computer is instructed to enter the
starboard calculation section, This test is performed by the use of an
IF statement,

(5) Final Calculations

(a) In the final calculation section, VACC2, the
vehicle acceleration is calculated and parameter variable values that
have been calculated in the port and starboard sections (of present time
intrement) are stored for reuse upon the re-entrance of the main calcula-
tion loop,

(b) Véhicle acceleration is obtained simply by apply-
ing Newton's second law of motion and using the fpndamenta. guation,
Force = mass x acceleration., Vehicle acceleration is equal to the result-
ant forces acting on it, thrust (VIHRUS), arresting-hook load (VHOOK),
and the total drag force (VIDRAG) divided by its mass (VMASS),

(c) Storage of parameter values for use in the next
time increment is accomplished by assigning present increment variable
values which are suffixed with the number "2", to the same respective
varizble names not followed by the number "2".

(6) Saving of Maximum Values: The maximum value of cer-
tain parameters is required for most arresting test programs. This sec-
tion provides a means of obtaining maximum values of desired parameters
for an arrestment along with the times that the maximum values occurred,
Maximim values are designated by the variable name prefixed by the letter
"A", The following maximum values are currently being computed for
output?

arresting-hook load - AVHOOK
tape tension, port - ADTENP
tape tension, stbd - ADIENS
vehicle deceleration - AVAGCCG
reel velocity, port - ARSP?
reel welocity, s!>d - ARSPS
reel acceleration, port - ARACP
reel acceleration, stbd - ARAGS

(7) Main Cslculation Loop Output Storage: All parameter
valuer that are to be output are stored in the linear array DATUM(32Z)
slong with the arrestment time TIME(DATUM (9)), and are recorded on tape.
Tr.e program iisting statement 300 (see Appendix A), shows the parageter
ramer along with their assigned grray position,

15
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(8) Run Termination: Run termination is based on elapsed
time andoccurs when the elapsed time (TIME) exceeds a preset arrestment
time limit,

(9) Kink<Wave Coordinate Generation: The last section of .
the main calculation loop generates the three-dimensional kink-wave coor-
dinate values and the kink-wave velocity for both the port and starboard
kink waves along with the corrésponding time of arrestment,

i
§
i
3
t
H
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4, Output Section

a, Program output consists of five parts:
(1) Record of input, " .
(2) Kink-wave coordinates,
(3) Maximum values,

(4) Vehliicle motion parameters, arresting-hook.load and
tape tensions, and

(5) Port tape and tape-reel values,

b. The recoxrd of input data is output on printed form imme-
diately following the initialization section of the program., See Appen-
dix A for a sample output listing.,

¢, Kink-wave coordinates are current values that sre printed
after every calculation iteration until the run 1s terminated, The kink-
wave coordinates, XWAVEP(S), YWAVEP(S), and ZWAVEP(S), are printed along
with the corresponding arrestment. time TIME for both port and starboard
kink waves,

d. The remaining outputs are recorded on magentic tape during
the program calculation run and are printed after the calculations are
completed, The maximum values are printed as explained in Section III,

4 paragraph E,

e, The vehicle motion parameter values that are printed
along with the arrestment time are:

t Speed - VELNS2

Runott - VRUNO2

Rolling #riction - VROLL

Total drsg - VIDRAG

Accelerstion - VAGCZ
16



Also printed out in this output are:

Arresting-hook load - VHOOK

Port tape tension - DTENP
Starboard tape tension - DEENS

The port tape and tape-reel values that are printed out
Tape reel velncity -
Tape reel position -
Tape wrap radius -
Tape on deck -
Arresting-hook-point-to-sheave distance -
Pendant elongation -
Total elongation -
Tape elongation factor -
Tape tensicn -
Tape on reel - -
Total reel inertia -
Tape-reel acceleration -

NATF-EN-1120

are:

RSPPR
RPOP
ROWP
TLENP
DLENP
PELP
DELP
TELFP
DIENP
RLTP
RTINP
RACPR

T e e e Sy ARG Skt CH
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VII DISCUSSION

A, Rupn Verification: One of the most important parameters associated
with arrestment test programs is arresting-hook load, It is, therefore,
ugsed as a basis of comparison to determine the general accuracy of a com-
puter mathematical model simulation. During the development stages of the
mathematical model, arresting-hook-load values obtained from a computer
run are plotted against the arresting-hook-load values of actual test
data to give an indication of how well a particuiar&program design logic
change has affected the predicted results. Other parameters are, of course,
analyzed but the arresting-hook .load serves as an index of the overall per-
formance of the model,

B, Current Status of Program Performance

1. At the present stageiof development, the program computes all
required tape-reel and vehicle parameters for ONeor OFF-CENTER arrestments
from the time of pendant pickup until the vehicle comes to a stop. How-
ever, program logic at this point of development is not complete. The
basic logic pieces are present and do account for a complete parameter
output, but a need exists for refinement in existing logic pieces and also
logic suppiamentation to further improve the accuracy of the model, The
problem that exists is the time of peak value occurrence in arresting-
hook-load and tape-tension plotted time histories., Peak values are within
+ 5% of the corresponding actual peaks; however, the model calculates them
to occur at earlier times than actual data indicated they occur.

2, The current logic piece that is suspected of being the prime
cguze for the program's generation of peak values being off in time is
the determination of tape tension, Tape tensions are cslculated as func-
tions of purchase-tape elongation, An equation is derived that expresses
tension in terms of percent elongation of the tape by fitting a curve
through actusal load-percent slongation data, The problem is that with nylon
tape the relstionship between tension and percent elongation is hysteretic
in nature, If a system could be developed to express the load-percent
elongstion relationship more adequately, the arresting-system physical
parameters could be described more accurately by the program,

3. The following is a list of arrestment phenomena that, up to
this point in the development of the mcdel, are not yet included:

a. Tape-reel atack slip

b. Angled arrestments where ths aircraft or deadload does
pot engage the pendant perpendiculsrly,

¢, Arresting-hook’slip on pendznt during OFF-CENTER or
atgled srrestments

13
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d. Two-block logic which will provide for parameter values
after two-block condition.

e. Effect that tape/pendant connector has on kink-wave
motion

f. Pre-tensioning

g. Logic that would sccount for energy and momentum of the
drresting system with time
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VIII PROGRAM USE

A. Program Deck Construction: The following illustrates the setup

of a program card deck for a normal run on

a CDC 6600 computer:

/é/ DELTIM, VCOAD, ...
VELENG, VWEIGH, ...

1

7 (" / TTHICK, TWGHT, ...

COLUMN 1 89

DKSPAN, SPLITP, ...

H

9
r

INPUT

COLYMN 1 8—P»

9

E-28 MATH MODEL

PROGRAM

7 -
COLUMN 1 8=——=Ppi_

9 \“L
CONTROL CARDS *

!

( T oo00es2000)

E28, CM50000, T40, 10400, P

§ CHARCE, N02093J-300

/s
9

'\
COLUIMN 1 8—¥»
9

20
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B, Input Data Preparation: Program input consists of six cards which
are divided into two sections: arresting-gear configuration and event
information. The cards are placed at the end of the card deck and are
separated from the program by a 7, 8, 9 multiple punched card. The input
cards variable name location and format are tabulated below:

INPUT
CARD . .
ORDER VARIABLE NAMES FORMAT
ARRESTING- 1 DKSPAN, SPLITP, SPLITS, PENLEN, PENX, POFFC  7F10.4
GEAR ' PENDEN
CONFIGURA- 2 TTHICK, TWGHT, TOLENP,TOLENS, C1, C2, C3 7F10.4
TION 3 RINP, RINS, BRAKEG, REUB, BRAKEX, TWIDE 6F10.4
INFORMATION |4  ‘PENMOD 1F12,2
EVENT 5  VELENG, VWEIGH, VTHRUS, WINDKT, BARO, TEMPA  6F10.4
INFORMATION Y6  DELTIM, VCOAD, DOFFG, HOOKHI, . VHKLEN 5F10.5

Definitions of variable names can be found in Appendix B, Input values
should be obtained from the test engineer and/or the Computer Division.

C, Control Csrd Preparation: There are five control cards which pre-
ceed the program in the card deck and are separated from it by a 7, 8, 9
miltiple punched card,

1. Charge Card: This card is used for accounting purposes:

$ CHARGE, aaaaa C1C2 - UUU
aaaaas = five-digit charge number
C1C2 = two check digits
indicates subcharge number
three-digit subcharge number (optional)

Guu

2, Scope Job Lard: The parameters of this card describe the job's
priority, time limits, memory, and periphersl equipment requirements, All
parameters are octal values:

Job Name (CMfl, Tt, IO, Pp)

To provide user identification of this job.

Loading field length, which specifies the amount

of memory needed to obtain a control point and

load the program into memory.

Centrzl processor time limit for the job in secondsg;
a maximum of Ffive octal digits,

Inpuc/Output time limit in seconds.

Priority level (B) at which job entersthe system,

b Nzme
fl

o
M

2 R

1]
'
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-

e
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3. Run Card: The FORTRAN compiler is called by this card:

RUN (cm, £f1, bl, if, of, rf, lc)

Only two parameters are required, cm and lc, the rest are

omitted

cm = Compiler mode option

lc = Lina-limit (octal) on the output file of the object §
program ;

P g

4, Set zero card: This card sets equal to zero all storage
locations containing variable names and arrays:

SET (0)

5. Execute Card: This card loads the program into memory and
begins execution:

" LGO/RFL
L30 = Load and go
RFL = Request field length - an optiorn that allows optional
usage of central memory

For more detailed information on preparing the control cards, see
references (=) and (d) or consult a programmer from the Computer Division,

22
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IX FUTURE WORK

A, Continued development on the model will be directed to the fol-
lowing areas:

a. Hysteresis representation of the tape modulus of elasticity
b. On-center and off-center angled arrestments
c. Tape stack slip

B, Also, at present, the program outputs data in tabulation form,
Plot capabilities should be added to the program,

23
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ARRESTING-GEAR CONFIGURATION (INPUT VALUES)

FORTRAN

PARAMETER NAME SYMBOL VALUE UNITS
DECK SPAN DKSPAN 164 .000 FT
PENDAXT LENGTH PENLEN 154,000 FT
PENDANT MODULUS OF ELAS. PENMOD 1872000000,000 LB/FT-5Q
PENDANT AREA PENX .009 FT-5Q
PENDANT DENSITY PENDEN 17.890 LB SEC2/FT4
PORT SPLIT DISTANCE SPLITP 49,000 FT
PORT TAPE LENGTH TOLENP 840,000 FT
PORT REEL INERTIA (METAL) RINP 114.000 SLUG FT-SQ
BRAKE CONSTANT BRAKEC 12.310 NONE
TAPE LOAD-% ELONG,COEFF, cl 1.709 NONE
TAPE LOAD-7 ELONG.COEFF. c2 85,367 NONE
TAPE LOAD-% ELONG. COEFF, 3 4019.790 NONE
PENDANT OFF-CENTER DISTANCE POFFC 0.000 FT
PURCHASE TAPE THICKNESS TTHICK 344 IN.
PURCHASE TAPE WEIGHT/FOOT TWGHT 1.000 LB/FT
PURCHASE TAPE WIDTH TWIDE 8.000 IN.
PURCHASE TAPE AREA TAREA 2.752 IN.-SQ
STBD SPLIT DISTANCE SPLITS 49,000 FT
STBD TAPE LENGTH TOLENS 840,000 FT
STRD REEL INERTIA (METAL) RINS 114.000 SLUG FT-SQ
BRRAKE. EXPONENT BRAKEX 2.000 NONE
HUB RADIUS RHUB 9.000 IN.

EVENT INFORMATION (INPUT VALUES)

VEHICLE ENGAGING SPEED VELENG 150,000 KN
VEHICLE WEIGHT VWEIGH 53000,000 LB
VEHICLE THRUST VTHRUS 0.000 LB
HFAD WIND WINDKT 0.000 KN
BAROMETRIC PRESSURE BARO 30,000 IN. HG A
AMBIENT TEMPERATURE TEMPA 68,000 DEG F
CALCULATION INCREMENT DELTIM .001 SEC
AERO DRAG COEFFICIENT VCOAD .041 LB SEC2/FT2
DECK OFF-CENTER DISTANCE DOFFC 0.006 FT
ARRESTING-HOOK HEIGHT HOOKHI 2.313 FT
ARRESTING-HOOK LENG VHKLEN 6.167 FT

Figure 3 - Sample Output of Input

27
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Figure 4 - Schematic of Runway Installation With Variable Name Descriptions
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APPANDIX A - MATHEMATICAI PERFORMANCE PREDICTION MODEL PROGRAM LISTING

THIS_PROGRAM WAS REDESIGNED TO REFLECY A REVISED APPROACH; NEW 1

LOGIP INCLUDES A 3~DIMENSTIONAL KINK WAVE FORM,INCREMENTAL COMPUT-- 2

ATION OF THE KINK VELOCITY TO ACCOUNT FOR THE VARYING MODYLYS OF 3
ELASTICITY OF THE NYLON TAPE AND LOCATION OF THE KINK (1,E; IN 4

TAPE OR STEEL PENDANT); AND NBW LOGIC FOR KINK2 WHIEH ASSUMES THE s

FORMATION OF A NEW KINK EMINATING FROM THE HOOK AS KINKL {MPACTS 6

THE SHEAVE. 7

DIMENS2ON DATUM(32Y 'y

‘ asugnlﬁ ALL DATA PERTINENT TO THE ARRESTING GEAR CONF PGURATION °
) JGE 0 10
t READ 2; DKSPAN,SPLITP, SPLITS; PENLEN; PENX, POFFC, PENDEN 11

- READ 2} TTHICK, TWOMT, TOUENP: TOLENS, Ci, C2, C3 12
READ 35 RINP, RINS, BRAXEC, RHUB, BRAKEX, TWIDE 13

READ_4; PENMOD 14

2 FORMAT (7F10.4) 18

S FORMAT (6F10.4) 16

4 FORMAT (1F12.Q) 17

S FORMAT(SF10;5) 18

READ IN ALL DATA PERTINENT TO EVENT INFORMATION 19

READ 3: VELENG, VWEIGM; VTHRUS, WINDKT, BARO, TEMPA 20

READ 35 DELTIN, VCOADYDOFFC{ WOOKHI; VHKLEN 2
INITIAUTZATION OF VARIABLES 22

oL & B 3
DTENPsBTENS®RSPPRERSPSR20,0 24
DELP=DELSuRACARSRACSRef ;0 2s

YK INKP4VKINKSRO, 0 26
VRUNOTARSPPSRSPSaRACPeRACSSRPOPsRPOS2RELP2SPELS23RAGP2¥RAGCS230750 27

AVMONK s ADTENP = ABTENS. »: AVACCG s ARSPP'-& ARSRS sNRACPsARACSL0.0 28

XWAVEP s YWAVEP & ZWAVEP ® XWAVES = YWAVES :s 2WAVES = §;0 29

TIME @ 0,0 31

VMASS = VWEIGN 7/ 32:174 32

THDEI = DELTIM / 250 _ 33

WINDPT = WINDKT & 6878 34

VEUNST s VELENG * {.6878 3s

| VROLL = ,N004S o VELENG « VNEIGH 36
DRAGK & 17.3262 ® ( BARO: 7 ( TEMPA & 459.4 )) @ VCORD 37

VADRAG = (VELNST -o- NINDFT)®42 o DRAGK 38

’ VIDRAG = VADRAG -¢ VROLL 39
HOOKP = NOOKS. s 0%0 40

YHOOK & HQOKP -o- HODKS 49

. VACCEVICCR28(VIHRUSSVNOOKSY TDRAG) /VHASS 42
VACCO s VACCY / 323174 43

HYPOTP s NYPOTS = 850 44

TELFP = TELFS = 830 45

PELP2 s 0,0 46

GAMAYP = GAMAYS = 455778 47

GAMAYP 2 GAMAZP = GAMAXS s  GANAZS = 0,0 48

ATTACH = SORT (VHKLUEN ##2 « HOOKHI se2) 49

DHAP = ,5 & DKSPAN & DOFFC 50

A-1
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DHAS = .5 » DKSPAN » DOFFC

NLENP 2 DHAP

DLENS 4 DNHAS

TINP = 5 & (DKSPAN - PENLEN ) + POFFC

TINS = .5 & (DKSPAN = PENLEN ) - POFFR

PLENP = DHAP = TINP

PLFENS & DHAS ® TINS

TLENNDP = TLENP s SPLITP o TINp

TLENNS = TLENS = SPLITS & TINS

RLTP = TOLENP = TLENP

RLTS = TOLENS « TLENS

ANUIP 2 (=TTWICK « 20RHUB ¢ SORT ((TTHICK + 2#RHUBY®42
10 % » TTHICK # (( TOLENP < TLENP ) # $£2)/3.1416 )))7 (2¢TTHICK)
ROWP = RHUB +(TTHICK #» RNUIP)

RNUIS = (=TTHICK = 2#RHUB + SQRT ((TTHICK ¢ 20RHUBY#s2 «
1¢ 4 # TTHICK & (( TOLENS «~ TLENS ) # 12)/3:1416 )))) (2«TTHICK)
ROWS z RHUB + (TTHWICK « RNUIS)

CaA = TTHIOK /7 632832

PEAP = PLENR /7 (PENMOD e PENX)
PEAS = PLENS / (PENMOD e PENYX)
CD = ( RHUB / 12,0 )#e2

CE 2 TWOHT / 64,348

LTCONT = ¢

TAREA £ TTHICK ® TWI[DE

10 = 0

DATUM(32) = 0,0

JTIMF & 1

TAPDEN = TWGHT/ (3231761 TAREA/144.0))

TEST FOR ON CENTER ENGAGEMENT AND SYMETRICAL A.G., CONFIGURATION
IFLGSM = ¢

JSYMVP = DHAP®TINP&SPLITPwTOLENP*RINP

JSYMYS = pHASETINSeSPLITS#TOLENS®RINS

PF(JRYMYPLJSYMVS)19318,19

18 TFLGSM = 1

19 UONTINUE

26 FORMAT(1H1,//746%,28HARRESTING GEAR C{MFIGURATION)

21 FORMAT (/28X,7HFORTRAN;52X5 7HFORTRAN)

22 FORMATI6X,14HPARAMETER NAME;8X,6HSYMBOL,8X,5HVALUE, 3X,5HUNITS; £1X,
iiduPthnewER NAME,8X, GHSYNBOL ax.5HVALUE.3x EHUNITSY

28 FORMKT(/10H DECK SPAN,18X,6HDKSPAN,1X;F14.3,1X,24F T} 9x.24HPENDANT
10FF PENTER DIST.o3X?5HPOFFC”2X.F14.3.1X.2HFT)

24 FORMAT (15H PENDANT LENGTH/¢{3X,6HPENLEN,1X,F14.3,1X52HFT,9Xs23HPUR
1CHASF TAPE THICKNESS,4X,86HTTHICK,1X»F14,3,1X,2HIN)

25 FORMAT (25H PENDANT MODULUS OF ELAS.,3X,6HPENMOD,1X;F14,3;1X,8HLB/
LFT®SN,;$X, 25HPURCHASE TAPE WEIGHT/FOOT;2X,SHTWGHT,2X3F14,3;1X,5HLB/
2FT)

26 FORMAT (13H PENDANT ARFA,15X,4HPENX,3X,F14,3,1X,5HFT=80,6X,19HPURC
{HKASE TAPE WIDTH,BX,S5HTWIDEs2Y,F1 431X ,2HIN)

27 FORMAT (16H PENDANT DENSITY,12X,6HPENDEN,1X,F14,3,14HLB SEC2/FT4,

. 11X, 1AHPURCHASE TAPE ARFA, 9stTAREA.2x;F14 3,1X;5HINeSQ)

A-2
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28 FORMAT (20H PORT SPLIT DISTANCE,BX,6HSPLITP,1X,F14,3,1X,2HFT,9X, 101

119HSTBD SPLIT DISTANCE,B8X,6HSPLITS 1X,F14,3,1X,2HFT) 102
29 FORMAT (17H PORT TAPE LENGTH, 411X, 6HTOLENP,1X,F14.3,1%,2HFT,9X, 103
116HSTBD TAPE LENGTH, 11X, 6HTOLENS,1X,F14,3,1X,2HFT) 104
30 FORMAT (26H PORT REEL INERTIA (METAL);2X,4HRINP,3X,F14.3,1X, 105
L110HS1UR FT=S0,1X,25NSTRD REEL INERTIA (METAL),2X,4HRINS,3X, 106
2F19,3,1X,10HSLUG FT-SQ) 107
34 FORMAT (15H BRAKE CONSTANT,13x,6HBRAKEC,1X,F14.3,1x,4HNONE, 7YX, 108
114HBRAKE EXPONENT, 13X, 8HRRAKEX,1X,F14,3,1X, 4HNONE) 109
32 FORMAT (28H TAPE LOAD-wELONG. COEFF,,3X,2HCy,8X,F1453,1X,4HNONE,  11p
17X, 10KNUB RADIUS 17X, 4HRHUR, IX,F14,3, 81X, 2HIN) 111

33 FORMAT (2%5M TAPE LOAD-XELONG. COEFF,,3X,2HC2,5X,F1473,1X,4HNONE) 112
34 FORMATU2%H TARE LOAD=-(FLONG, COEFF.)3X,2HC3,5x,F14,3,1X,4NNONE,7X, 113

129HARRESTMENT IS SYMMETRICAL? 114
38 FORMAT!///51X,17HEVENT INFORMATION) 115
36 FORMATL/32X,14HPARAMETER NAME:%y»,6HSYMBOL,8X,5HVALUE,3X,SHUNITS) 116
37 FORMATL/29X,28HVEHICLE ENGAGING VELOCITY,2X,6HVELENG,1X,F14,3:1X, 117

$15HKNOTS) 118
38 FORMAT29X s 14HVEHICLE WEIGHT,»13Xs6HVWEIGH,1X,F14.3,4X, 3HLBS) 119
30 FORMAT(29X 1 4NVEHIGLE THRUST, 13X, 6HVTHRUS,1X,F14.3,1X, JHLBS) 120
40 FORMAT{ 20X, BHHEADNIND, 19X, 6HWINDKT 131X ;F14,3,1X,5HKNOTS) 121

41 FORMAT(29X,19HBAROMETRIC PRESSURE,8X,4HBARO,3X,F14,3,1X,7HIN HG A) 122
42 FORMAT{29X)19HAMBIENT TEMPERATURE,8X SHTEMPA,2X,F1473,1X,9HDEG F) 123
43 FORMAT{29X,21HCALCULATION INCREMENT,6X,6HDELTIM,1X,F14.3,1X,3HSEC) 124
44 FORMAT(20x,21HAERD DRAG COEFFICIENT,6X,5HVCOAD,2X,F{4,3,1X,11HLB S 125

1EC2/FT2) 126
48 FORMAT(29%,24HDECK OFF CENTER DISTANCE,3X,SHDOFFC,2X,F14,3,1X,2HFT 127
) 128
461F0RHAT(29X.15HYAlLHOOK HEIGHT312X, 6HHOOKHI,1X,F14:3;1X,2HFT) 129
47 FORMAT{29%,1SHTATLHOOK LENGATH,12X,6KVHKLEN,1X,F1435371X,2HFT? 130
48 FORMAT({25H TAPE LOAD=-(FLONG, COEFF,,3X,2HC3,5X,F14.3,1X,4WNONE,?X, 131
129HARRESTMENT IS NOT SYMMETRICAL) 132
PRINT 3p 133
PRINT 21 134
PRINT 22 135
PRINT 23,DKSPAN,POFFC 136
PRINT 24,PENLEN, TTWICK 137
PRINT 25,PENMOD, TWGHT 138
PRINT 26,PENX, TWIDE 139
PRINT »7,PENDEN, TAREA 140
PRINT 28,SPLITP,SPLITS 144
PRINT 79,TOLENP, TOLENS 142
PRINT 30,RINS,RINP 143
PRINT 31,BRAKEC,BRAKEX 144
PRINT $2,C1,RWUB 145
PRINT 33,02 146
IFCIELBSM,EQ.1)49,50 147

49 PRINT 3%4,C3 148
GO TO 61 149

50 PRINT48,C3 150
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54 PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINY
PRINT
PRINT
PRINT
PRINT
PRINT

PRINT &
88 FORMAT ( 1H1, 32X, 55NPORT AND STARBOARD KINK WAVE COORDINATES AND

1 VELD
PRINTY

89 FORMAT ( 1HO,» 11X, 6HPORT=X; 4X, 6HPORT-Y, 4X, 6HPORT+Z, 4X,
1 6MVKINKP, 5X, 4HTIME, 15Xs 6HSTBD-X, 4X, 6HSTBD-Y, 4X» 6MSTBD-2,

2 4X, .

PRINT 90 , XWAVEP, YWAVEP, ZWAVEP, VKINKP, TIME, XWAVES, YWAVES,

1 ZWAV
90 FORMA

DATUM({)xVELNSTSDATUM(9) aTIME SDATUM(17)aTELFPSDATUM(25)sDLENS
DATUM(2)2yRUNOTSDATUM(10)sRSPPRSNATUM(18)3RLTP SDATUM(26)aPELS2
DATUM(3)=2vHOOK SDATUM(11)sRPOP SDATUM(19)sRTINPSNATUM(27)aDELS

DATUM(4)=yROLL SDATUM(12)sRONP SDATUM(20)=RACPRSDATUM(28)sTELFS
DATUM (S )=V TDRAGSDATUM{13)aTLENPSDATUM (21 )sRSPSREDATUM(29)sRLTS

DATUM(K)2DTENP SDATUM(14)sDLENPSDATUM(22)sRPOS SDATUM(30)sRTINS
DATUM(7)=DTENS SDATUM(15)cPELP2SDATUM(23)2RONS SDATUM(31)8sRACSR
DATUM(X)=VACCG SDATUM(16)4DELP SDATUM(24)sTLENSSDATUM(32)20.0

WRITF
MAIN
99 CONTI
180 LTCON
TINME
TEST

IF «
TEST

101 IF (
TEST

102 IF ¢
STATF
103 VELNS
VRUNO
RSPP?
RPOP?
ROWP?
RLTP
TLENP

‘35
36
47/ VELENG
93, VWEIQH
$9;VTHRUS
30, WINDKT
41 ¥8ARO
32, TEMPA
33,DELTIN
24,VCOAD
8%;DOFFC
86, HOOKHM!
27, VHKLEN
8

CITIES)
Bo

SHVKINKS, 5X, 4LTIME)

ES, VKINKS, TINME
T ( 10X, 5F1033, 10X, 5F10,3)

{7) DATUM
COMPUTATION LOOP BEGINS AT STATEMENT 100
NUE
T = LTCONT + 4
s DELTIM & LYCONT
FOR PORT TWOZBLOCK
RMUB LE, ROWP ) 101;1008
FBR STBD TWO4ALOCK
RMyYB .LE, RONS ) 102,1000
FBR INSTANTANEOUS VEHICLE VELOCITY = 0
VELNST .LE, 070 ) 1000 £03
MENT 103 BEGINS PORT CALCULATIONS
2 = VELNST + THDEL # (vAgC + VACC2)

2 = VRUNOT + THDEL & (VELNST + VELNS2)
= RSPP + THDEL # (RACP ¢ RACPZ2 )
z RPOP + THDEL # (RSPP ¢ RSPP2)
= ROWP + CA « (RPOP =+ RPOP2)
2 TOLENP = TLENP
2 = TLENP -~ ROWP2? # (RPOP =~ RPOP2 ) / 12.0
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151
1%2
153
154
153
1%6
187
1%8
159
160
161
162
163
164
165
166
167
168
169
170
174
172
173
174
178
17¢
177
178
{79
180
1:1
182
163
184
185
186
187
188
189
190
191
192
193
194
198
196
197
198
199
200
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IF ( H¥POTP:GE.PLENP) 104,105 201

104 IFITELPP,LE}) . BO0)TELFP « .50 202
ETAPEP = =160,635TELFPaa2 + 4079800.0#TELFP - 1919200.0 203
CTAPEP = SQRT (ETAPEP / TAPDEN ) 204
TASIAP = ,5 ®8 ,667 ® (VELNS? / CTAPEP ) es 1,33 208
VKINKP & CTAPEP ® (SORT (TASIGP)» TASIGP) ~(TLENP2 - TLENP) / 206

1 DELTIN 287
G0 TO ¢g6 208

108 PENMDD = pENMQOD N 200
" CPEND = SQRT ( PENMOR / PENDEN) 210
PENSIG = ,5 ®e ,667 » ( VELNS2 / CPEND ) eé 4,33 211
VKINKP « CPEND & (SQRT (PENSIG) - PENS1G) - (TLENPR - TLENP 3 s 212

1 DELTIN 213
106 XWAVEP s XWAVEP + (VKINKP o DELTIM » COS ( GAMAXP ) 214
YNAVEP = YWAVEP = (VKINKP & DELTIM & COS ( GAMAZP) «COS (GAMAYP)) 215
IWAVEPE ZWAVER & (VKINKP o DELTIM ® SIN ( GAMAZP)) 216
WKELFY 2 HOOKW! =~ VWKLEN o COS (1,5708<ATAN (HOOKHIZ(ATTAGH + 217

1 VRUNO#)Y)) 218
HYPOTP = SQRT (XWAVEPa®2+¢ (VRUNO2-YWAVEP)®®#2+ (HKELEV-ZWAVEP)é#2) 219
RESUI'P = SGRT ((DHAP - XWAVER)e#2 ¢ YWNAVEP®#2 + ZWAVEPee2) 220
DLENP = WYPOTP + RESULP 224
DELP = HYPQTP ¢ RESULP + SPLITP = TLENP2 - PLENP 222

1F ¢ peLe LTS 0 1107,108 223

109 DELP = 0,0 224
t08 PELP & pELP2 22%
TELFP & (DELP - PELP ) 7 TLENP2 # 100.0 226

IF ¢ TELFP JLE. 0 ) 109,110 227

109 DTENP & TELFP = PELP2 = 0,0 . 228
1240 DTENP & C1 o TELFP #e3 « C2 & TELFP %e2 + C3 » TELFP 229
IF (DTENP,LT, O) DTENP = 0 230
PELP2 & PEAP @ DTENP 234
RTINP & RINP & CE ® (TOLENP - TLENP2 )#( CD + ( ROWP? / 12,0)ee2) 232
RACP = RACPQ 233
RACP? & (DTENP ® ROWP2 / 12,0 - BRAKEC ® RSPP2##BRAKEX) / RTINP 234
HOOKP % DTENP#COS  ATAN ( XWAVEP / SQRT (( HKELEV+ZWAVEP) 235

1 82 + (VRUNO2 <YWAVEP) #e#2 ))) 236

’ ALL PORT CALCULATIONS DONE - TEST NEXT FOR KINK WAVE LOCATION 237
IF XWAVEP,GE.DHAP)111,1112 23a

111 GAMAXP = ATAN ( SORT ( HKELEVe®2 ¢ VRUNO2##2)/XWAVEP) 239
GAMAYP = ATAN ( XWAVEP / VRUNO2 ) 240
GAMA?P = ATAN ( HKELEV /7 SQRT ( VRUNO2##2 + XWAVEP#a2 )) 241
XWAVFP 2 0.0 242
YWAVFP = VyRUNO2 243
IWAVEP = HKELEV 244
HYPOTP = .0 245
1112 IFCIFLBSM.EQ.0)112,1119 24¢
1111 RSPS? 4 RSPP2 247
RPOS? & RpPOP2 248
ROWS? & ROWP2 249
RLTS = RLTP 2%0
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‘TLENS2
VKINKS
XWAVES
YWAVES
IWAVES

]
L ]
]
]

‘TLENR2
VKINKP
XWAVEP
YWAVEP
IWAVEP

DLENS & DLENP
DELS = DELP
TELFS = TELFP
DTENS » DTENP
PELS? » PELP2
RACS? = RACP2
HOOKS = HOOKP
GAMAXS = GAMAXP
GANAYS & GAMAYP
GAMA?S = GAMAZP
GO TO ¢£30
STATFMENT 112 BEGINS STARBOARD CALCULATIONS

112 RSPS?
RPOS2

RSPS & THDEL * ( RACS ¢ RACS2 )
RPOS & THDEL o ( RSPS ¢ RSPS2 )

ROWS? & ROWS & CA % ( RPOS « RPOS2 )
RLTS = TOLENS -« TLENS
TLENS2 = TLENS - ROWS2 o ( RPUS -~ RPOS2 ) 7 12.0
IF (MYPOTS .GE. PLENS) 113¥314
113 IF(TFLFS.LE..80)TELFS = ,50

ETAPES 2 -160,635¢TELFSee2 o 4079800,0¢TELFS - 19192000
CTAPFS = SORT (ETAPES / TAPDEN)
TASIBS = .5 ¢¢ 667 » (VELNS2 7 .CTAPES ) ¢ 1,33
VKINKS = CTAPES #(SQRT (TASIGS)~ TAS?GS) = (TLENS2 - TLENS) /
1DELTIN
G0 TN (15
114 PENMDD = PENMOD
CPEND s SORT ( PENMOD / PENBEN )
PENSTG = ,5 ®¢ ;667 » ( VELNS2 / CPENR ) ®e 1,33
VKINKS = CPEND ® (S@RT (PENSIG) ~ PENSIG) - (TLENS2 +» TLENS ¥ /
ADELTIN
115 XWAVES = XWAVES ¢ (VKINKS @ DELTIM & COS ( GAMAXS )Y
YWAVFS 3 YHAVES = (VKINKS » DELTIM ¢ COS (GAMAZS) é COS {GAMAYS))
INAVES = ZWAVES - (VKINKS ® DELTIM @ SIN ( GAMAZS)Y
HYPOTS s SGRT (XWAVES®®24(VRUNO2-YWAVFS)##2 +(HKELEV-ZNAVES)#é2)
RESUIIS = SGRT (( DHAS = XWAVES)##2 + YNAVES#aZ + ZWAVES®&2)
DLENS = WYPOPS ¢ RESULS
DEUS = HYPOTS ¢ RESULS ¢ SPLITS - TLENS2 - PLENS
TFUDELS +LT: 0 ) 116,117
147 PELS = PELS?
TELFS = (DELS -= PELS ) / TLENS2 ¢ 100.0

PF CTECFS JLE: 0 ) 1185119

{48 DTENS & TELFS = PELS2 s 0,0

19 DTENS & Cy & TELFS #¥3 o C2 » TELFS ##2 + C3 » TELFS
IF (PTENS,LT. 0) DTENS = 0

251
252
253
254
255
256
257
2%8
259
260
261
262
263
264
265

267
268
269
270
271
272
273
274
27s
27¢
277
278
279
280
281
282
283
284
28s
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
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PELS? & PEAS « DTENS 301
RTINS -4 RINS ¢ CE & ( TOUENS - TLENS2)e( CD + (ROWS2 7 1270 )#é2) 302
RACS s RACSH 303
RACS? 4 ( DTENS ® RONS? / 12.8 - BRAKEC * RSPS2ee BRAKEX) /RTINS 304
HOOKS & DTENSECOS ¢ ATAN ( XWAVES / SORT ((MKELEV-3WAVES) 308

1 002 ¢ (VRUNOQZ~YWAVESY «02 ))Y 306
ALL STHED CALCULATIONS DONE s TEST NEXT FOR KINK WAVE LOCATION 307

) IF ( XNAVES .GE. DWAS % 1202130 308
120 GAMAXS = ATAN ( SORT ¢ HKELEV»OQ ¢+ VRUNO2#42)/XWAVES) 309
GAMAYS = ATAN ( XNAVES / VRUNOZ ) 310
GAMA?S = ATAN ( MKELEV 7 SQRT ( VRUNO2#ep ¢ XWAVESes2 )Y 311

‘ XHAVES 2 0.0 312
YNAVES = VYRUNO2 313
IWAVES = HKELEV 314
HYPOTS = 315
srnrkn!nr 130 BEGINS FINAL CALCULATIONS 316

138 VHOOK = HOOKP + WDOKS M7
VFRIOT = ,0002666 o VELNS2 318

IF (_VPRICT .UE. ,018 ) 131132 319

$3¢ VFRIRT = ,018 320
132 VROLL: = VFRIGT o VNEIGH. 321
VADRAG = (" VELNS2 & WINDFT)#%2 & DRAGK 322
VTIDRAG = VADRAG * VROLL 323
VACCR = VACCY / 327174 324
VACC_ = VACC) 328
VACC? = ( VTHRUS = VHOOK = VTDRAG)/ VMASS 326
RPBP = RPOPQ 327
RPBS = RPOS} 328
ROWP = ROWPQ 329
RONS . = ROWS? 330
TLENP = TLENP2 334
TLENS = TLENS? 332
VEUNST ‘s VELNS2 333
VRUNDT = VRUNO2 334
RSPP & RSPPQ 335
RSPS_ = RSPSY 336
RSPPR = RSPP @ 9,5493. 337

, RSPSR = RSPS ® 9,85493. 338
RACPR = RACP ® 37pv9978. 339

. RACSR = RACS @ 57279378 3490
SAVE MXXIMUM: VALUES BEGINS. AT STATEHENT 200 , ENDS AT 21% 341

: 200 IF ( AVHOOK LT, VHOOKY 201,282 342
20¢ AVHODK s yHOOK $ ATHOOK = TIME 343
902 IF ( ABTENP .UT., DTENP) 2037284 344
203 ADTENP = DTENR. S ATDENP = TIME 345
204 IF ¢ ADTENS .LT, DTENS) 2052206 346
20% ADTENS = DTENS S ATDENS = TIME 347
206 IF (_AYACCG .QT, VACC8) 207%208 348
287 AVACPEG = vACCS $ ATVACG = TIME 349
208 IF ( ARSPP .LTY, RSRPR) 2099210 350
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209 ARSPP = RSPPR $ ATRSPP = TIME 351
‘210 IF ( ARSPS .LE. RSPSRY 211,212 352
214 ARSPS s« RSPSR $ ATRSPS = TIME 353
212 IF (_ARACP LT, RACPR) 213,2¢4 354
218 ARACP s RACPR $ ATRACP = TIME 355
214 I ( ARACS .LUT. RACSR) 215,26 356
215 ARACS s RACSR $ ATRACS s TIME 357
c MAIN _LEOP OUTRUT AND TAPE STORE LOGIC BEGINS HERE 358
216 CONTENYE 3%9
IFLTIME,E0.0)G0 TO 300 360

IGL = PGL * 1 361
IFUIRLIEN,10) 402,400 362

402 IGL = & 363

300 DATUM(L)=VELNSTSDATUM(Q) aTIME SDATUM(17)STELFPSDATUM(25)=DLENS 364
DATUM(2)sVRUNOTSDATUM(10)=RSPPRSDATUM(18)sRLTP SDATUM(26)ePELS2 365

DATUM(3)svVHOOK SDATUM(11)sRPOP SDATUM{19)sRTINPSDATUM(27)sDELS 366
DATUM(4)=vROLL SDATUM(12)=ROWP SDATUM(20)sRACPRSDATUM(28)aTELFS 367
DATUM(%)=yTDRAGSDATUM(13) e TLENPSDATUM(21)sRSPSREDATUMI29)sRLTS 368

DATUM()=DTENR SDATUM{414)=DLENPSDATUM(22)=RPOS SNDATUM(30)aRTINS 369
DATUM(7)=DTENS SDATUM(15)2PELP2SNATUM(23)=RONS SDATUM(31)4RACSR 370

DATUM(8)svACCA SDATUN(16)sDELP SDATUM(24)sTLENSSDATUM(32)a0.0 371
WRITE (7) DATUM 372

400 IF(TIME,LE.3.0)301,304 373
30t IF(LTCONT-10#JTIMEY304;302,302 374
302 PRINT 90 , XWAVEP, YWAVEP, ZWAVEP, VKINKP, TIME, XWAVES, YWAVES, 37%
1 2ZWAVEs, VKINKS, TIME 376

303 JTIMF & JTIME o 3 377
304 GO TD 99 378
c MAIN COMPUTATION LOOP DGNE FINAL OUTPHT BEGINS WITH STATEMENT £000 379
1000 REWIND 7 380
c PRINT bUT MAXIMUM VALUES OF PARAMETERS AND TIME OF OCCURANCE 381
PRINT 1001 382

1001 FORMAT (43X, 7HMAXIMUM; 2AX¥ 4NTIME ) 383
PRINT $002, AVHOOK; ATHOOK 384

1002 FORMAT (10H HOOKLOADy 28X; F12.4, 3H LB, 13X, F10345 4H SEC) 388
PRINT 1003, ADTENP; ATDENP 38¢

1003 FORMAT (19H TAPE TENSTONSPORT,19X,F12,4,3H LB,13X,P10.4,4H SEC) 387
PRINT 1004, ADTENS, ATDENS 388

1004 FORMAT (19H TAPE TENSTONSSTBD,19X,F12.4,3H LB,13X,P10.4,4H SEC) 389
PRINT 1005, AVACCG, ATVACG 390

1005 FORMAT (22H VEHICLE DECELERATION, 16X, F12.4, 4H G S, 12X, F10.4, 391
1 4H SEC) 392
PRINT 1006, ARSPP, ATRSPP 393

1006 FORMAT (17H REEL SPEED-PORT»21X,F12.4,4H RPM,12X,F10,4, 4H SEC) 394
PRINT 1007, ARSPS, ATRSPS 398

1007 FORMAT (17H REEL SPEED-STBD,21X,F12.4,4H RPM,12X3Ft0,4, #H SEC)  39¢
PRINT 1008, ARACP, ATRACP 397

1008 FORMAT (24H. REEL ACCELERATION-PORT, 14X, F12,4, 7H RRM SQ, 9X; 398
1 F10:i4, 4H SEC) 399
PRINT 1009, ARACS, ATRACS 400
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1009 FORMAT (24H REEL ACCELERATION-STBD; $4X, F12.4) 7H RPM 'SQ, 9X{
1 F104 47 4H SEQ)
1810 JTIME 4 1
1056 JCOUNT = 0
PRINT €052
1092 FORMAT (9H1 VEHICLE}
PRINT €084
1084 FORMAT (1p6H0  VELOCIYY RUNOYT HOOKLOAD  ROLL FREICT YOT
1AL DRAB TENSION/P TENSTON/S ACCELERATION  TIME)
PRINT $056
1056 FORMAT (106H . FYsSEC 8 FT L8
L

LB
t LB L G SEE,7/)
1958 READ (%) DATUNM
1866 LTCONT = DATUM(9)#1000%0
IFILTCONT=100JTIMEYX05R:1064,£064
1064 PRINT €oB6, ( DATUM (1) 5 1 = 1,9 )
{F(DATHMUO) :GE.2,07506371065
1063 JTINE -# JTIME + 10
GO: TD ¥068
1068 JTIME & JTIME ¢ 1
1066 FORMRT (7F12:2,F1254,F12:8)
1068 TIM & TIME=-;04
PRIDATUMU9) ;GE, TINYL072,2070
1070 JCOUNT s JCOUNT ¢ &
IF ( JOOUNT .GE. 50 ) 105051058
1072 REWIND 7.
1078 UTIME & 1
1874 JCOUNT s 0

PRINT €076
1076 FORMAT (11Hi RORT SIDEH
PRINT €078
1078 FORMKT (108M REEL REEL RADIUS TAPE  HOOK PT  PEND
1 TOTAL ELONG TAPE  TAPE ON TOTAL REEL)
PRINT €080 i
1086 FORMAT (416H SPEED POSITION WRAP ON DECK TO SHEAVE  ELONG
1 EUONG FACTOR  TENSPON REEL INERTIA Aec TIMEY
PRINT €082
1082 FORMAT (116M RRM RAD N FT BT BY
1 FY X 8 FT SLUG=FT SQ RPM SO Se¢Y

1084 'READ (%) DATUM
1086 LTCONT = DATUM(9)61000%0
TFULTCHNT = 199UTINE)1084;,1090,1090
1098 PRINT €092, ( DATUMCI); Is10v$7 ), DATUM(6), DATUM(£8),
1 DATHMUI19), DATUM(207, DATUM(9)
PF{DETUM(9) :GE.2.071087,1091
1087 JTIME -4 JTIME ¢ 10
60 TD %094
1991 JTIME & JTIME + 1 A
1492 FORMAT (99'30510033593’35“872'“9.3.2”‘-8'3) FO,45F10.¢,F8,/25F12:3,
1F11,3/78.3)

401
402
403
404
408
406
407
408
409
410
414
412
413
414
413
416
417
418
419
420
424
422
423
424
425
426
427
428
429
430
434
432
433
434
438
436
437
438
439
440
443
442
443
444
445
446
447
448
449
450



NATF-EN-1120

1694 TIM & TIME-,08
FFCDATUM(9) ;GE. TINYL098,1096
1896 JCOUNT =z JCOUNT + ¢
_ IF ( JCOUNT .GE, 590 9 107441084
1898 REWIND 7
~ JGEOR & JGEOR ¢ 1
2000 STOP
END

A-10
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493
454
495
436
497
458
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APPENDIX B - VARIAHLE NAMES, TYPES, DEFINITIONS, AND UNITS (WAMES ENDING WITH THE LETTER "P" REPRESENT PORT

SIDE VALUES; THOSE ENDING IN '"S" REFRESENT THE CORRESPONDING STARBOARD VALUES)

Ivpe

Variable In-

wName  put put diate

ADTENP(S)
ARACP(S)
ARSPP(S)
ATDENP(S)
ATHOOK
ATRACP(S)
ATRSEP(S)
ATVACG
AVACCG
AVHOOK

BRAKEC X
BRAKEX X

cl X
c2 X
C3 X
CA

Ccd

CE

CPEND
CTAPEP(S)

DATUM(32)
DELP(S)

DELTIM X
DHAP(S)

DKSPAN X
BLENP(S)

DOFFC X
DRAGK

DTENP(S)

Out~

X

M M M M X M X XN

Inter-
me=

Definicion

Maximum tape tension

Maximum reel angular acceleration
Maxioum reel angular veloeity
Time at which AVHOOK occurs

Time at which ADTENP(S) occura
Time at which ARACP(S) occurs
Time at which ARSPP(S) occurs
Time at which AVACCG occurs
Maximum vehicla acceleration

Maximum vehicle arvesting-hook axial load

Barometric pressure
Tape reel brake constant

Water brake exponent

Coefficient for tape tension equation
Coefficient for tape tension equation

Coefficient for tape tension equation

Tape thickness
2

(Hub ;;dius)2

Tape weight per foot
%

Stress propagation velocity-pendant

Stress propagation velocity-tape

Linear array dimension

Total elongation (tape and pendant)
Incremental time for each calculation
Distance - sheave to point of engagement
Distance between runway-edge sheaves

3D distance, hook-point-to-kink-to-sheave
OFP-CENTER engaging distance (starboard +)
Drag factor

Tension 1n tape and pendant

B-1

—~lnice
Lb

Rad/Sec?
Rad/Sec
Sec

Sec

Sec

Sec

Sec

G

Lb

In. Hg
None

None

None
None

None

In.

Ft2

Lb-Sec?
Ft

Ft/Sec

Pt/Sec

None
Ft
Sec
Ft
Ft
Ft

Ft

Lb-Sec?
Ft

Lb

1
i
3
4
{
H
€
B
i
;
f
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Iype
Inter-
Variable In- OQut~ me~
Name put put diste

ETAPEP(S) X
GAMAXP (S) X
GAMAYP (S) X
GAMAZP(S) X
HKELEV X
HOOKHI X

HOOKP(S) X
HYPOTP(S) X
ICOUNT X
IFLGSM X
IGL X
JCOUNT X
JGEOR X
LTCONT X
PEAP(S) X
PELP(S) X
PENDEN X

PENLEN X

PENMOD X

PENSIG X
PENX X

PLENP(S) X
POFFC X

RACP(S) X
RACP(S)R X
RESULP(S) X
RHUB X
RINP(S) X
RLTR(S) X
RUUIP(S) X

Definision

Tape modulus of elasticity

Angle, initial pendant position-to-sheave-to-kink

Angle, intersection of line of engagement and projection of
line from sheave to kink

Angle, kink-to-sheave-to-projection of kink on deck

Hook point elevation at any instant
Elavation of hook attach point on vekicla
Component of arresting-hook axial load

3D distance, hook point to kink

Output printer line counter
Engagement symmetry flag

Output generation increment counter

Line counter

Progran sequential run indicator

Calculation increment counter

Used to segment pendant elongatlon equation

Pendant elongation

Pendant density

Total unelongated pendant length (eye-to-eye)
Modulus of elasticity of the pendant

Transverse lmpact equation approximation for pendant
Pendant cross-gectional area

Pendant length (unelongated)

Pendant off-center distance (starboard +)

Reel angular acceleration

Reel angular acceleration

3D distance, kink to sheave

Tape reel hub radius

Tape-reel Inertia (metal)

Length of tape on veel (not on deck)

Initial number of tape wrape on reel

B-2

Lb/re2

Deg
Deg

Deg

Pt
Pt
Lb

Ft

None
None

None

None

None

None

1
Lb-Ft3

Ft
Lb-Sec?
P’

Ft
Lb/rt2
None
In.2
Ft

Ft

Rad/Sec?
Rev/Min?
Ft

In.
Slug-th
Ft

None

e
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Variable

Name

ROWE (3)
REOP(S)
RPOP2(S2)
RSPB(S)
RSPP(S)R
RTINB(S)

SPLITP(S)

TAPDEN
TAREA
TASICP(S)
TELFE(S)
TEMPA
THDEL
THETAP(S)
TIME
TINP(S)
TLENOP(S)
TLENP(S)
TLENP2(52)
TOLENP(S)
TTHICK
TWGHT
TWIDE

VACC
VACC2
VACCG
VADRAG
VCOAD
VELENG
VELNST
VELNS2
VERICT
VHRLEN

VBOCK

Tvpe
Inter-
In- Out- me~
Put  put  diate
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Refinition

NATF-EN-1120

~Units

Tape outer wrap radius

Reel angular position (beginning of time increment)
Reel position (end of time increment)

Reel angular velocity

Resl angular velocity

Total reel inertia

Split distance (from runway sheave to tape reel)

Tape density

In.

Rad

Rad
Rad/Sec
Rev/Min
Slug-Ftd

Ft

Tape cross-sectional area In.2
Transverse impact equation approximation for tape None
Tape elongation factor %
Temperature (ambient) or
p%mm Sec
Kink angle Deg
Absolute accumulative time Sec
Initial length connector to sheave Ft
Initial tape on dack Ft
nape on deck at beginning of time increment Ft
Tape on deck at end of time increment Ft
Total purchase-tape length Fe
Purchase-tape thickness In.
Purchase~tape unit weight Lb/Ft
Purchase-tape width In.
vehicle acceleration at the beginning of the time increment Pt/Sec?
Vehicle acceleration at the end of the time increment Ft/Sec
Vehicle acceleration G
32.17
Vehicle aerodynamic drag Lb
Vehicle coefficient of aerodynamic drag None
Vehicle engaging speed Kn
Vehicle speed at beginning of time increment Ft/Sec
Vehicle speed at end of time increment Ft/Sec
Coefficient of rolling resistance None
vehicle arresting-hook length Ft
vehicle arresting-hook axial load Lb

B-3
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Variable In~ Out -

VKINKP(S)

VMASS

VROLL

VRUNOT

VRURO2

VIDRAG

VTHRUS X
VWEIGH X

WINDTT
WINDKT X

XWAVEP(S)

YWAVEP(S)

ZWAVEP(S)

Inter-
me-

—Name _ put  put  diste

MM M M

Rink-wave velocity

Vehicle mass

Vehicle rolling resistance load

Vehicle runout at beginning of time incremont
Vehicle runout at the end of time increment
Vehicle total drag

Vehicle thrust

Vehicle weight

Head-wind velocity

Head-wind velocity

Kink X~distance from point of engagement

Kink Y-distance from point of engagement

Kink Z-distance from point of engagement

S -

Pt/Sec
1b-Sec?
rt

Lb

re

44

Ld

Lb

Lb

rt/Sac

Kn

P

Ft

Ft

Py
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NATF-EN-1120
APPENDIX D - DETERMINATION OF KINK-WAVE VELOCITY

1. The location of the kink wave with time is an important factor in
the mathematical model design. The kink wave's position on the runway
determines the overall pendant/tape geometry which governs the operation
of the program. The change in runway geometry directly affects the two
most important arrestment parameters: tape tension and arresting-hook
load,

2. The location' of the kink wave is determined by its velocity alone
because its path is predetermined by model dasign. 1In this model, the
kink wave, upon hook impact with the pendan:, follows a straight line
path from the position of hook impact to the runway-edge sheave (kink one).
Upon impact on the sheave, it then follows a new path which is a straight
line from the position of the hook at sheave impact to the runway-edge
sheave (kink two). The establishment of kink-wave paths is illustrated

below:
% ¢

KINK ONE KINK TWO

3. The approach to the problem of determining kink-wave velocity is
based on information presented in '"Cable Dynamics" by F. 0. Ringleb
(refererce (a) of basic text), and the method of solution presented here
follows from his work.

4, It is assumed that the arresting hook of the aircraft engages the
pendant perpendicularly and results in transverse impact. A triangle-~
shaped deformation is formed in the pendant due to impact. A stress
wave propagates alorg the pendant toward the sheaves with a finite



R
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velocity ahead of and faster than the deformation. The velocity at which

the kink wave propagates along the pendant while this is happening is es-
tablished below:

NOTE: Ringleb's analysis applies only to an infinitely long cable. The
assumptions made in the model design are: 1, The calculation of
the kink~wave velocity in the purchase-tape media follows the
same principles that pendant calculations are based on and 2, the
equations of motion described are used even after kink one reflects
off of the runway-edge sheave and the pendant/tape configuration
no longer appears to be like an infinitely long cable,

Letting:
E = modulus of elasticity of pendant {tape)
p = mass density of pendant (tape)

O = stress

oQ = initial stress

Then from the classical theory of a vibrating string, the longitudinal

wave velocity C is:
c /E
p

and the transverse wave velocity C 1s

5- /3.

C is the velocity of stress propagation in the medium of concern, and C
is the velocity that the deformation propagates with respect to a par-
ticular defined mass point in the media (pendant) at time of impact

(t = 0). The following diagram shows a segment of the pendant impact:

I
| I
bl
Q 1Q R
(£>0) (e=0) Ie} %0

Gt 4,{

Vot

— — m—— o

Gt
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In the preceding diagram, the motion of.a point mass § of the pendant at
time O is analyzed to define kink-wave motion. After impact, t >0, this
point mass is designated Q and marks the location of the kink wave on its
way toward the sheave. R represents the point that the stress has reached
at t > 0._ The point Q moves toward the right with the transverse wave
velocity C while the pendant segment QR moves toward the left with a
velocity p (from the longitudinal impact formula ¢ - o0/E = u/C). Thus
the velocity of the kink wave, W, is given by the relationship W = C - .
Now, C can be expressed in terms of E and ¢ since

1 ¢
c -=/f-it follows that 7= = 7

so that substituting ‘/% for L into the formula for T gives

/p

-= 'Ea - --1— :-E' = ’E
- e fxsenfoxsen fxsenc fE,

the kink-wave velocity can therefore be expressed as

w=c</§-‘—’l%9).

o-c
5. An expvression for the term 0, which represents an approxima-
tion of the transverse impact formula (reference (a) of main text), is
given as,

- 2/ 4/
(1) (@)

where VO is the impact velocity. So that finally, the kink-wave velocity
for an infinitely long cable is:

e (A (3 (2)7)

NOTE: The kink-wave velocity in this model is computed with this equa-
tion modified with an additive factor accounting for the tape
"feed in" velocity as the tape reel responds to the acceleration
forces during an actual arrestment,

4/4

D-3
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APPENDIX E - DETERMINATION OF THE MODULUS OF ELASTICITY

1. The value of modulus of elasticity for both steel (pendant) and
nylon (tape) is required in the program to account for kink-wave motion.
The value for the pendant is a constant value and is input into the pro-
gram. The value for nylon tape varies with tape stretch and an expres-
sion must be derived to represent it. Therefore, a mention of elasticity
theory and the method of derivation of an appropriate modulus equation
for nylon tape follows. .

2. The modulus of elasticity is a measure of the effect that tension
has on a material. Many materials exhibit a stretching (deformation) in
direct proportion to the amount of tension applied (loading). This re-
lationship is given by Hooke's law:

E=2,

where E = modulus of elasticity 1b/1n.2,

S = stress lb/in.z,
and ¢ = strain in./in.
If L = origiral length of material,

A = original area of material,

P = applied tension load,
and § = elongation of material,
then S = P/A and ¢ = §/1
so that E= %% '
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Plotting P/A against §/L, we obtain the typical stress-strain curve:
B

S = P/A
STRESS

¢ = §/L STRAIN

Figure El

Line OA is linear and represents the elastic range of a material. 1In
this range, no permanent deformations are produced by stresses. Hooke's
law applies only in this region. Curve AB represents the plastic range
of a material, Here, permanent deformations or sets occur upon applied
loading. Point R shows where the test material fails. The slope of the
1ine OA is the modulus of elasticity of the material. Stresses and
strains along this line follow the "linear theory of elasticity".

3. Modulus of Elasticity of Steel Pendant: The stress~-strain dia-
gram for a steel pendant closely resembles that of Figure El. The value
of modulus used in the program is taken from data for steel wire cables
with hemp core containing 6 strands with 19 wires each. The value is
E = 13,000,000 1b/in.% (page 13 of reference (a) of basic text). This
value varies considerably from that of steel--E = 30,000,000 1b/in.2--
indicating that a pendant of this type is less stiff than a correspond-
ing solid element.
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4, Modulus of Elasticity of Nylon Tape: Due to the inhomogeneity
of the nylon threads and the fabric nature of nylon tapes, the stress-

strain diagram representing the tensile test of a piece of nylon tape
differs considerably from that of Figure El:
X

S =
STRESS

<+——HYSTERESIS LOOPS

%NLOAD

¢ = STRAIN

Figure E2

Nylon tape used on the arresting gears are actually plastic in nature.
When a load is applied to a specimen in stepped increments and then un-
loaded, the curve representing this action does not return to where it
originated but shows evidence of permanent tape elongation., Upon re-
peated loadings and unloadings, loops are formed representing the tape's
inelasticity. After the initial pull, the loops that are generated
originate in approximately the same area. Also, the plastic deformations
are somewhat predictable and therefore can be thought of as uniform plas-
tic deformations. For these reasons, a value for modulus of elasticity
of nylon tape can be obtained by considering the uniform plastic deforma-
tion to be elastic in nature and thereby obtain an approximate value for
the modulus by applying elastic theory methods (modulus is slope of stress-
strain curve) to the curves.

5. Procedure
a., Obtain pull-test data for particular nylon tape from the
NAVAIRTESTFAC Engineering Department Recovery Division (load 1b -
stretch in.).

b. Convert data to a stress-percent tape elongation cuzve.

¢. Curve fit best 3rd-degree curve through data to obtain equa-
tion that represents stress as a function of strain.

eV P

e me e Sy
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d. Differentiate equation to obtain a new equation that repre-
sents the slope of the stress-strain curve and is the modulus of the tape
as a function of tape elongation.
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APPENDIX F - DETERMINATION OF TAPE-REEL ACCELERATION

1. Tape-reel acceleration is one of the key "motion producing"
parameters of the program (see Simulated Arrestment Description, Section
V of main text). The importance of this parameter necessitates an ex-
planation of the equations that represent it.

2. Tape-Reel Acceleration: The equation for angular acceleration
of the tape reel is obtained from the relationship:

T = I,
where ST = sum of the torques acting on the reel and rotor,
I = polar moment of inertia of the rotating reel,
and « = angular acceleration of the reel and rotor.

a. The ST term is the sum of the torque created by the tape
tension force applied at the radius of the outer wrap of the tape (T¢t)
and the retarding torque developed in the water brake (Typ).
or ET = Ttt + wa

(1) Ter = Te Re

where Tt = purchase-tape tension

and R = radius of outer tape wrap on the reel,
(2) Ty, = B* W

where B = hydrodynamic brake constant,

w = angular velocity of reel and rotor,
and n = brake exponent (constant).

The two constants, B and n, are obtained from actual test data of a par-
ticular type gear. When the value of angular velocity w reaches its
maximum value for a test event, then the angular acceleration is mini-
mized. Assuming that it becomes zero, ¢ = 0 and W = w, (maximum angular
acceleration), from the original equation,

ST =TIy =0
n

s0 that ST =T R + B W, T 0,
T, R, = Bw.

C s
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The values of Ty and Ry are obtained from the test data at the time cor-
responding to the maximum angular velocity Wm. The values of B and.n
are then obtained by using the method of least squares.

b. The I term is the sum of the tape-reel (metal) inertia Iy
and the instantaneous tape inertia I¢ I = IM + I;.

(1) The value of tape-reel inertia Iy is a constant value and
is equal to 114 slug - ft for the E-28 arresting gear.

(2) The value of the tape inertia I; varies as the tape is )
pulled off of the reel and is obtained by the expression —

I = %M ®Ru? + Re?)

where M = instantaneous tape weight / g,
Ry = reel hub radius,
and Rt = instantaneous radius of outer tape wrap.

c. Upon rearrangement of the described terms in the original
equation, the expression for tape-reel acceleration, ¢, is:

o= BL o Jee o+ Tub Tt Rt + Bu
I Iut+Ie IM+%M (Ru? + R¢2)

F-2
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